Chronic long-term exposure to cuprizone causes severe brain demyelination in mice, which leads to changes in locomotion, working memory and anxiety. These fi ndings suggest the importance of intact myelin for these behaviors. This study aimed to investigate the possible behavioral changes in mice with mild oligodendrocyte/myelin damage that parallels the white matter changes seen in the brains of patients with psychiatric disporders. We used the cuprizonetreated mouse model to test both tissue changes and behavioral functions (locomotor activity, anxiety status, and spatial working memory). The results showed that mice given cuprizone in their diet for 7 days had no significant myelin breakdown as evaluated by immunohistochemical staining for myelin basic protein, while the number of mature oligodendrocytes was reduced. The number and length of Caspr protein clusters, a structural marker of the node of Ranvier, did not change. The locomotor activity of the cuprizonetreated mice increased whereas their anxiety levels were lower than in normal controls; spatial working memory, however, did not change. These results, for the first time, link emotion-related behavior with mild white matter damage in cuprizone-treated mice.
INTRODUCTION
Recently, studies have found that oligodendrocyte/myelin alterations show consistent pathological changes in several mental disorders, including schizophrenia, mood disorders, and attention deficient hyperactivity disorder [1] [2] [3] [4] [5] [6] . These findings highlight the important role of oligodendrocytes/ myelin in the behavioral abnormalities and treatment of mental disorders. Animal models with altered oligodendrocytes/myelin can provide valuable information about the relationship between these alterations and disease-related behavioral changes [6] .
Bis-cyclohexylidenehydrazide (cuprizone) is a copper chelator that has been shown to specifically damage the white matter of the brain [7, 8] . In recent animal studies, abnormal cognitive and emotion-related behaviors were reported in cuprizone-exposed mice with demyelination. For example, after exposure to 0.2% cuprizone for three and four weeks, mice exhibited an increase in brain activity and Neurosci Bull October 1, 2013, 29(5) : 633-641 634 a reduced anxiety response to a novelty challenge test [9] .
In another study, C57BL/6 mice given 0.2% cuprizone for two to six weeks showed a variety of abnormal behaviors at various time points. Mice exposed to cuprizone for two and three weeks displayed more climbing behavior and reduced prepulse inhibition; mice exposed to cuprizone for four to six weeks had less social interaction, along with severe brain demyelination, myelin breakdown, and loss of oligodendrocytes. At all these time points, the cuprizoneexposed mice spent more time in the open arms of an elevated plus-maze and exhibited spatial working memory impairment [10] .
Although behavioral changes are associated with profound demyelination in cuprizone-treated mice, no efforts have been made to investigate the behaviors of mice with mild oligodendrocyte/myelin damage that parallels the white matter changes seen in the brains of schizophrenic patients. We therefore set out to determine whether mice with mild white matter damage have abnormalities in emotion-related behaviors and spatial working memory.
MATERIALS AND METHODS

Animals and Experimental Procedures
Eight-week old male C57BL/6 mice were purchased from Central Animal Care Services, University of Manitoba (Winnipeg, MB, Canada). The animal facility maintained a 12 h/12 h light-dark cycle, a constant temperature of 21 ± 1°C, and 60% humidity. After acclimatization for one week, mice were divided into two groups: control (n = 12) and curprizone groups (n = 16 An individual mouse was placed at the end of one arm and allowed to move freely in the maze during an 8-min
session. An arm entry was counted when all four paws were in the arm. Alternation was defined as successive entries into the three arms, on overlapping triplet sets.
Spontaneous alternation was calculated as the ratio of actual to possible alternations (defi ned as the total number of arm entries minus 2) and expressed as a percentage.
The alternating behavior of rodents in a Y-maze has been used to evaluate spatial working memory in previous studies [14] [15] [16] . The test was recorded by a camera above the apparatus and analyzed by ANY-maze software. is restricted to the paranodal junctions and is used as a marker of nodes of Ranvier [17] . After rinsing in PBS, the sections were incubated with Alexa Fluor ® 594 goat antirabbit IgG (H+L) at 22°C for 1 h. After rinses in PBS, the sections were mounted and protected from quenching using Fluoromount (Sigma), then observed under a Nikon 
Immunohistochemistry and Immunofl uorescence
Statistical Analysis
The two-tailed Student's t-test was performed to determine differences between the control and cuprizone groups. The results are expressed as mean ± SEM. When a P value was <0.05, the difference was considered signifi cant.
RESULTS
Behavioral Outcomes of Cuprizone-exposure for Seven Days
The cuprizone group showed more horizontal activity in the locomotor activity test than the control group (1269 ± 62 versus 969 ± 91, the number of times beams were broken, P <0.01; Fig. 1C ). In the Y-maze test, the cuprizone group had spontaneous alternation and total arm entries comparable to the control group (Fig. 1D, E ).
In the elevated plus-maze, mice in the cuprizone group spent more time in the two open arms and more frequently entered the open arms than the control group (Fig. 1F, G) .
Treated mice traveled a distance in the two closed arms of the maze comparable to that of the control group (Fig. 1H) .
GST-π-positive Cells Decreased in Cuprizone-exposed Mice
GST-π is a myelin-and oligodendrocyte-associated enzyme used to identify mature (myelin-forming) oligodendrocytes in mice [18] . In sections labeled with the specific antibody to GST-π, cuprizone exposure for 7 days reduced the number of GST-π positive cells ( Fig. 2A-D) . Statistical analysis showed a signifi cant difference in the number of GST-π positive cells in a segment of the corpus callosum between the cuprizonefed group and the normal control group (Fig. 2E) .
No Significant Myelin Sheath Damage Was Seen in
Cuprizone-exposed Mice
In sections labeled with the specific antibody to MBP, (Fig. 3A-D) . There was no statistically significant difference between the cuprizone-fed and the normal control groups (Fig. 3E ).
The nodes of Ranvier are delicate structures arranged regularly along myelinated axons to allow the efficient conduction of action potentials. Caspr is a structural protein important for maintaining the nodes of Ranvier intact [17] .
In sections with the specific antibody to Caspr, it was hard to differentiate the cuprizone-fed mice from normal controls, as they showed similar Caspr-positive clusters ( Fig. 4A and B) . Counts of the Caspr-positive clusters and measurements of their lengths showed that the cuprizonefed mice and the normal controls had comparable numbers of clusters (Fig. 4C ) and the same frequencies of cluster lengths (Fig. 4D) .
DISCUSSION
In previous studies, mice consuming cuprizone for three weeks showed a tendency to increase locomotor activity in the open-field test [9] and more climbing behavior [9, 10] .
Meanwhile, these mice showed clear demyelination in There are two potential explanations for the increased locomotor activity seen in the cuprizone-fed mice. One is that the increased locomotor activity is independent of intact myelin sheaths. This implies that the increased locomotor activity is related to increased brain activity, rather than myelin sheath damage. In support of this notion, increased locomotor activity and climbing behavior disappear in mice consuming a cuprizone-containing diet for 4, 5, or 6 weeks, which causes marked demyelination [9, 10] .
Another explanation is that the increased locomotor activity seen in cuprizone-fed mice may be a consequence of mild myelin damage, as indicated by the reduced number of mature oligodendrocytes; the essential function of mature oligodendrocytes is to produce and maintain the integrity of myelin sheaths.
In contrast to locomotor activity, the spatial working memory of mice fed a cuprizone diet for 7 days was comparable to that of normal controls, suggesting that spatial working memory remains normal until the myelin sheath damage reaches a certain extent. In support of this view, decreased spontaneous alternation is seen in mice exposed to cuprizone for 2-6 weeks [10] , which sufficiently damages white matter [7, 8, 12] . This decrease is also seen in mice with white matter changes caused by a nontoxic paradigm using methamphetamine [19] . Moreover, the cuprizone-induced spatial memory impairment is significantly improved when the white matter damage spontaneously repairs after cuprizone withdrawal [20] . More supporting evidence for the essential role of intact white matter in spatial working memory includes: transgenic mice with impaired myelin/oligodendrocyte structure caused by blockade of erbB signaling [21] exhibit cognitive dysfunction;
in rhesus monkeys, the number of myelinated axons is correlated with cognitive function between years 5 and 20 [22] ; and patients with multiple sclerosis exhibit cognitive impairments [23, 24] . Finally, myelin integrity has been correlated with cognitive processing speed in humans [25] .
Mice exposed to cuprizone for 7 days spent longer
periods in the open arms and more frequently entered the arms in the elevated plus-maze test, suggesting a lower anxiety level than controls. This finding is in accordance with the results of our recent study in which mice fed a cuprizone-containing diet for 2-6 weeks spent longer
periods in the open arms of the elevated plus-maze [10] .
As presented in this study, cuprizone feeding for 7 days did not severely damage the myelin sheath in the brains of mice as evaluated immunohistochemically. However, it is possible that 7-day treatment with cuprizone caused mild damage that was not severe enough to be detected by the immunohistochemical staining used in the present study. Therefore, it appears that abnormal performance in the elevated plus-maze test either is independent of intact myelin sheaths or is related to mild damage of sheaths caused by short-term cuprizone treatment. A recent study reported complete recovery of mouse performance in the elevated plus-maze in the second week after cuprizone withdrawal, when white matter damage was still evident [20] , which did not support an association between the myelin sheath and anxiety. Defi nitely, further study using electron microscopy would be helpful for detecting possible damage caused by short-term cuprizone treatment.
It has been demonstrated in mice that demyelination occurs in the third week of cuprizone-feeding and thereafter [7, 11, 26] . Recent studies have investigated the white matter of mice exposed to cuprizone for one and two weeks. Cuprizone exposure for two weeks significantly decreased the expression of MBP mRNA in the corpus callosum [13] . In another study [11] , two weeks of cuprizone feeding caused a significant decrease in the number of GST-π-positive cells in the corpus callosum, suggesting a decrease in mature oligodendrocytes. This is in line with the increased apoptosis seen in mice treated with cuprizone for two weeks [11] . In the same study [11] , one week of cuprizone feeding caused no changes in the number of GST-π positive cells, in contrast to the report by Hesse et al. [27] , and mature oligodendrocyte death may be independent processes [28] .
The data presented in this study expand the current understanding of the influence of oligodendrocyte/ myelin changes on behavior. However, future studies investigating specific brain regions such as prefrontal cortex are warranted as distinct brain regions relate to different behavioral changes. The mechanisms underlying hyperactivity and decreased anxiety levels in shortterm cuprizone-exposed mice were not addressed in this study either. Although oligodendrocyte loss is associated with abnormal emotional behavior, we do not know the underlying molecular mechanism. The only clue is the findings from one of our recent studies in which mice fed a cuprizone-containing diet for two weeks showed higher dopamine and lower norepinephrine in the frontal cortex, along with a lower anxiety level and increased climbing behavior [10] . These findings suggest an association between abnormal emotional behaviors and altered levels of dopamine and norepinephrine in the brain, which is independent of the condition of myelin sheaths, but can nevertheless be induced by cuprizone treatment. In addition, normal MBP immunostaining and Caspr clusters after short-term cuprizone exposure do not necessarily mean that action potential conduction along axons is unaffected in these animals. Examining the electrophysiological properties of the short-term cuprizone-exposed mice will be an interesting and challenging task for future studies.
